INTRODUCTION
============

Drought, shade, and nutrient scarcity limit plant growth worldwide, determine the structure and functioning of terrestrial ecosystems, and are fundamental drivers of plant evolution ([@B72]; [@B28]; [@B74]; [@B14]; [@B48]). Understanding the role these stresses play in structuring ecosystems is critical because different components of environmental change work synergistically to alter the ecological importance of drought, shade, and nutrient scarcity ([@B25]; **Figure [1](#F1){ref-type="fig"}**).

![**The influence of global change factors on the relative importance of drought, shade, and nutrient scarcity in community and ecosystem dynamics**. While some factors alter the importance of the three stresses relative to one another, e.g., nutrient deposition, others like disturbances can reduce total resource stress (inset). Direction of the vector represents the shift in the relative limitation of different resources associated with an increase in the importance of that factor.](fpls-03-00246-g001){#F1}

The relative importance of drought, shade, and nutrient scarcity in community and ecosystem dynamics are influenced by changes in a number of factors that are undergoing global changes. Each change will uniquely alter the stresses experienced by plants. For example, an increase in precipitation may decrease the importance of drought and increase the importance of shade and nutrient scarcity as water and nutrient availability to plants increases ([@B69]; [@B9]; [@B37]). In contrast, since warming increases the rate of nutrient mineralization by microbes ([@B40]) and increases evapotranspiration ([@B60]), an increase in temperature would likely decrease the relative importance of nutrient scarcity in many ecosystems while increasing the importance of drought. Many disturbances increase the availability of resources in general and shift plant communities away from species that tolerate the stresses of low resource availability ([@B81]; [@B15]; [@B28]) while non-resource stresses, e.g., increased ozone or UV-B, decrease resource demand by plants which would increase the availability of light, water, and nutrients ([@B65]; [@B21]). Ultimately, the changes in vegetation dynamics caused by drought, shade, and nutrient scarcity will be dependent on other current aspects of the ecosystem and global change factors will interact in their ultimate effects. As such, the specific balance of the relative importance of different stresses will be unique to different ecosystems.

With better information about the tolerance of individual species to low availability of resources, changes in species composition can become diagnostic of the relative importance of different global change factors in affecting the terrestrial biosphere. For example, changes in the relative prevalence of drought- vs. shade-tolerant species should be able to be used to discern the relative importance of precipitation vs. nutrient deposition in controlling community composition. Yet, because plant communities are diverse and the interactions among plants, herbivores, microbes, and the abiotic environment is complex, how these changes will ultimately affect the structure and functioning of ecosystems remains poorly understood.

One key to understanding how ecosystems and plant communities will respond to changes in drought, shade, and nutrient scarcity is to simplify plant communities by representing species by their key *functional traits* -- evolved characteristics of plants that determine how they interact with their environment. Plant functional trait research dates to the beginnings of ecology as a discipline ([@B78]) and today encompasses a broad range of aspects from RNA transcripts to plant anatomy to species' effects on ecosystem processes. Typically, when functional traits are used in practice, the identity of the species is replaced with a value derived from individual traits to predict how different species as well as ecosystems with different community compositions respond to environmental changes. For example, the amount of investment in a given unit of leaf area for different species might be used to predict how species change in abundance in response to drought or during succession ([@B1]; [@B66]; [@B83]).

Given the diversity of plant functional traits to study, a long-standing question is which functional traits of species are diagnostic, if not directly responsible for a species' success or failure in a given environment? As we detail here, quantification of plant tolerances to low resource availability is advancing our understanding of the dynamics of ecosystems and communities. Focusing on low resource tolerance allows classification of species based on traits that determine how species respond to the extreme conditions that are likely to cause differential mortality among species. Studies of low resource tolerances anchor a direct mechanistic understanding of species' ecological dynamics and generate predictive power to differentiate performance of plants across a range of environments, leading to a better understanding of ecological processes in an anthropogenic world. These tolerances then become the basis for ecological classification of species and the scaffolding to array more distal traits such as photosynthetic rates or xylem characteristics.

APPROACHES TO CLASSIFICATION
============================

Over the past quarter century, research on plant functional traits has largely focused on the structure and function of individual organs -- mainly leaves and stems, to a lesser degree roots ([@B15]; [@B82]; [@B10]). Such research has often quantified spectra of individual traits across species and environments and then tested for correlations among traits to generate multivariate trait associations. Trait correlations are interpreted in many instances to represent selection for a coordinated set of traits that collectively generate success under a given set of environmental conditions.

Despite some impressive global patterns and their necessary mechanistic role in plant performance ([@B82]), organ-level and ecophysiological traits suffer limitations as the basis of an ecological classification of plants. The functional traits usually considered in explaining patterns are relatively distal to the ecological performance of species, and the factors shaping phenotypes are complex ([@B30]). Natural selection can generate similar trait combinations between different resource environments as well as alternative trait combinations for a given environment ([@B45]), limiting the application of these distal traits to predict differential performance across environments ([@B19]). Additionally, many organ- and sub-organ-level plant traits are highly plastic, and therefore are not consistently diagnostic of a species' ecological niche or potential performance ([@B17]; [@B18]). Consequently, classifications of species based on organ-level functional traits often have little predictive power for species performance and responses to environmental conditions ([@B62]; [@B83]).

An alternative approach is to classify species based on the performance of the plant as a whole under conditions that are likely to cause mortality. Measurements of whole-plant tolerances of low resource availability hold potential for representing the ecological performance of species. Low resource tolerances for species are determined by generating species' ecological response curves -- quantifying their performance across gradients of resource availability (**Figure [2](#F2){ref-type="fig"}**; [@B54]). Generating these response curves allows plants to be classified by their tolerances for low resource availability or minimum requirements for different resources.

![**A general overview of the stages of screening species' low resource tolerance traits for species**. **(A)** All screening efforts begin with species selection. Species are often selected to vary in abundance or in their responses to environmental factors. Species may be selected to represent phylogenetically different lineages or invasiveness. **(B)** Focal species are grown or sampled under natural or experimental gradients of resource availability. For example, to quantify physiological drought tolerance of tropical trees, plant water potentials were monitored on drying plants until wilting ([@B22]). **(C)** Experiments usually require measuring plant growth, plant resource status, or resource exchange rates to determine the level at which growth or resource balance becomes neutral (see **Figure [3](#F3){ref-type="fig"}**). Automated measurements of growth are increasingly being adopted, but these are generally restricted to comparing different genotypes. **(D)** The ultimate goal of screening experiments is to relate interspecific differences in tolerance values obtained for drought, shade and low nutrients to differences among species in performance, abundance, or distributions, such as the distribution of the C~4~ grass *Aristida purpurea*in the US displayed over mean annual precipitation. In this stage, data may have to be reduced in dimensionality or phylogenetically weighted. Trait values are then substituted for species identity and the explanatory power of different traits tested.](fpls-03-00246-g002){#F2}

Low resource tolerances that are inferred from the abundance of species along resource gradients represent differences in species' realized niche ([@B68]; [@B33]). For example, tolerance of low light levels can be inferred from the shadiest environments species are found. Although a rich source of information, using distributions of species to infer low resource tolerances is constrained by confounded resource gradients -- resources rarely vary independently of other environmental factors. In addition, these environmental indicator values cannot distinguish different evolutionary strategies to a common stress -- cacti and annual plants can be found adjacent to one another in deserts. Neither can environmental indicators be used to compare species across regions with non-overlapping species sets.

In complement to gradient analyses, experiments can be used to generate relationships between resource availability and performance in order to isolate responses of species to variation in individual resources. Resultant curves index the lowest resource availability at which plants can persist under a given set of conditions -- the driest soils, the deepest shade, and the lowest supplies of nutrients (**Figure [2](#F2){ref-type="fig"}**). There are caveats to this approach too (see below), but the experimental approach generates unique explanatory power regarding community composition and ecosystem function and has great potential for broad syntheses. In the next three sections, we highlight particular examples of how understanding the tolerances of plants to drought, shade, and nutrient scarcity have improved our understanding of the structuring of communities and functioning of ecosystems.

Enduring the dry: Drought Tolerance from Arid to Humid Ecosystems
=================================================================

The intensity and frequency of drought -- a period of low soil water availability -- influence plant distributions, biodiversity, and ecosystem productivity globally ([@B84]). For many regions of the world, changes in the amount and variability of precipitation, combined with increasing temperature, and elevated atmospheric CO~2~ are altering the importance of drought ([@B36]; [@B84]; [@B48]; [@B61]; [@B34]). Understanding how drought differentially affects plant species, and how that translates into plant performance, species distribution and ecosystem function is a pressing issue for advancing our comprehension of ecosystems and for projecting consequences of global change.

Drought creates physical stress for actively growing plants by generating tension within a plant's vascular system. The stress is measured as the plant's water potential with lower values representing greater stresses. The drought-induced tension itself is not necessarily fatal, but can lead to tension-induced cavitation and thus disruption of the transpiration stream in the xylem. That in turn can lead to desiccation of leaves, which few species can withstand. The long evolutionary history of plants under drought has generated a range of physiological ability to withstand the low plant water potentials that accompany drought.

The transient nature of drought increases the importance of avoiding temporary low water potentials by, for example, producing deep roots to tap stable water pools, senescing, or hydraulically isolating from the environment as occurs in succulents and isohydric species that rely on stored carbon until soils wet again ([@B57]). Although plants have a number of strategies to avoid low plant water potentials, physiological drought tolerance is assessed as the lowest plant water potential at which a species can maintain key ecological functions, such as photosynthesis or turgor. Although plant water potentials have long been measured, the ability of plants to tolerate low internal water potentials has only recently been used as a diagnostic functional trait to characterize a species, which can then be used to explain ecological patterns.

To assess physiological drought tolerance, plant water potentials and performance metrics such as photosynthesis, stomatal conductance, wilting status, or hydraulic conductivity are monitored on plants in drying soils until a critical performance threshold is reached ([@B41]; [@B73]; [@B16]). The water potential at the performance threshold is then used as an index of physiological drought tolerance. This straightforward approach to generating a metric of physiological drought tolerance is currently behind a range of recent advances in our understanding of the role of drought in shaping ecological patterns and ecosystem functions worldwide.

Recently, physiological drought tolerance has been shown to be an important predictor of differences in survival among species in both arid and humid ecosystems. In Mediterranean-type climates, which typically have rain-free summers of variable length and intensity, physiologically drought tolerant woody chaparral species are better able to survive intense summer droughts than those species that are less tolerant of low water potentials ([@B57]). In western North America, moderate drought can kill large stands of the relatively drought intolerant *Populus tremuloides* when plant water potentials fall sufficiently to cause widespread hydraulic failure ([@B2]). In contrast, *Juniperus monosperma* forests in the same regions of western North America do not experience wide-spread mortality from hydraulic failure until much lower water potentials than *Populus tremuloides* ([@B8]). Even at the wetter end of the climate spectrum, physiological drought tolerance can be important. Despite a mean annual precipitation of 2600 mm, physiological drought tolerance still explained the extent of growth and survival reductions under drought for species in moist tropical forests of Central Panama ([@B41]).

Differences in performance under drought conditions also control the geographic distributions of species across a wide variety of ecosystems, which suggests that drought can filter physiologically drought-intolerant species from drier areas, impacting patterns of diversity along aridity gradients. In Panamanian forests, experimentally assessed drought tolerance of tree seedlings explained the performance of naturally regenerated seedlings ([@B12]) and shaped local and regional distribution patterns across moisture gradients ([@B22]). Similarly, in Southeast Asian rain forests, tree species restricted to aseasonal forests were less physiologically drought tolerant than those species present in seasonally dry forests, despite greater precipitation in the seasonally dry forests than the aseasonal forests (2700 vs. 1950 mm year^-1^; [@B4]). For 15 woody angiosperms from temperate forests in Tasmania, physiological drought tolerance correlated with how far into arid areas the species ranges extended ([@B7]). Physiologically drought-tolerant tree species extend into forests with mean annual precipitation as low as 600 mm, while physiologically drought-intolerant tree species are restricted to forests above 1000 mm mean annual precipitation.

The role of physiological drought tolerance in structuring plant communities and determining plant distributions extends from forests and shrub lands to grasslands. In a humid North American grassland (mean annual precipitation of \~850 mm), physiologically drought-tolerant grasses were relatively more abundant on shallow, drought-prone soils than on deeper, mesic soils where drought intolerant species predominated. Physiologically drought-tolerant grassland species present there also typically extend further into more arid regions of North America than physiologically drought-intolerant species ([@B73]).

Surviving the Dark: Shade Tolerance and the Distribution and Abundance of Species
=================================================================================

Shade is an inevitable consequence of plant growth and becomes the most intense when nutrients and water are abundant and disturbance rare ([@B74]). Global changes in resource availability such as eutrophication and warming will alter the geographic distribution and intensity of shade, and hence the importance of shade as a driver in ecosystem dynamics. Under intact canopies on productive sites, as little as 0.5% of the sunlight reaches the ground ([@B13]), causing severe energy stress in shorter plants. Without repeated disturbances to limit leaf area, the development of shade drives changes in species composition and diversity by favoring species that can survive and grow under the lowered light levels, at least while beneath the canopy of others ([@B52]; [@B29]; [@B26]). The development of shade generally represents an increase in ecosystem carbon uptake since ecosystem leaf area is increasing, but also can restrict ecosystem carbon uptake by favoring species that are better at producing shade for competitive purposes than maximizing total photosynthesis ([@B3]).

Despite shade tolerance being one of the most common categorical classifications of forest trees ([@B71]), the determinants of shade tolerance of species have been the subject of prolonged debate ([@B74]). Points of contention have included the degree to which growth and survival in shade are coupled ([@B38]; [@B5]), the relative importance of functional traits that promote carbon gain versus those favoring carbon conservation ([@B27]; [@B77]; [@B55]), the role of ontogeny ([@B74]), and how to measure the height of light reduction for purposes of assessing competition for light ([@B23]). Although the ability to respond quickly to sunflecks has been posited as central to shade tolerance ([@B11]) this has not been supported by subsequent research ([@B50]).

In a similar manner to physiological drought tolerance, shade tolerance can be assessed as the lowest light levels that plants can grow or survive for extended periods, i.e., the whole-plant light compensation point for growth ([@B5]). The approach of measuring whole-plant shade tolerance recognizes the protracted nature of the struggle to survive under chronically low light levels, integrating a number of factors that are known to influence species differences in low-light carbon balance and the long time frames that it can take for shade to cause mortality. Shade-tolerant plants maintain positive carbon balance in low light by minimizing losses due to foliage turnover, herbivory and mechanical damage ([@B76]; [@B77]; [@B53]; [@B35]), and by having low respiration rates ([@B77]; [@B5]). Like physiological drought tolerance, only recently has shade tolerance been adopted as a quantitative functional trait.

Direct measurements of shade tolerance have contributed to our understanding of species coexistence. Over 30 years ago, it was first hypothesized that a trade-off between shade tolerance and maximum growth rate could underlie tree species coexistence in old-growth forests ([@B20]). Confirmation of this trade-off in several forest biomes has since established it as a central tenet of forest ecology ([@B31]; [@B38]; [@B63]; [@B70]). Although chance undeniably contributes to species coexistence ([@B32]), the role of recruitment limitation in disrupting niche-based partitioning of understory light environments was initially overestimated because of sampling at inappropriate scales ([@B39]). Quantifying the shade tolerance of species also contributes to our understanding of latitudinal diversity gradients. High sun angles result in more light reaching the forest floor beneath tree-fall gaps in the tropics than at higher latitudes, allowing coexistence of a broader diversity of light demand among species ([@B59]; [@B42]; [@B44]).

Interspecific variation in shade tolerance contributes to how species sort across landscapes and regions. In a tropical rainforest, tree species associated with fertile valley bottoms were consistently more shade tolerant than congeners that were more common on less-fertile ridges ([@B5]). Shade-intolerant *Nothofagus* species ([@B43]) are ubiquitous in the Andes of south-central Chile where disturbances that generate high-light environments are prevalent but less common in nearby coastal ranges that lack frequent large-scale disturbances ([@B75]). In general, global geographic patterns of shade and shade tolerance have yet to be evaluated. Although shade tolerance is expected to be most highly developed in high-productivity ecosystems with infrequent disturbance ([@B13]; [@B74]), there have been no broad tests of this hypothesis.

An awareness of shade tolerance can also inform understanding and management of plant invasions. *Acer platanoides* invades forests in northeastern USA in part because it grows faster in high light than native trees of comparable shade tolerance ([@B46]). The invasive potential of shade-tolerant exotics in general may have been dangerously underestimated, their penetration of undisturbed vegetation going largely unrecognized because of the long time lag between seedling establishment and canopy recruitment ([@B47]).

THRIVING IN THE BARREN: THE UNREALIZED POTENTIAL OF LOW NUTRIENT TOLERANCE
==========================================================================

Global change factors not only have the potential to alter drought and shade, but also the availability of nutrients such as nitrogen and phosphorus to plants (**Figure [1](#F1){ref-type="fig"}**). Though no synthesis has yet been generated, some terrestrial ecosystems have been becoming more eutrophic ([@B68]), while nutrient availability may have been declining over time in others ([@B49]). These changes likely influence the relative importance of the tolerance of low nutrient availability (**Figure [1](#F1){ref-type="fig"}**), which would in turn alter community composition based on species' ability to perform under low nutrient availability. Although it has been hypothesized that nutrient scarcity selects for the same basic adaptations as drought and shade, scarcity of nutrients, whether abiotic in origin or driven primarily by competition, limits the growth of plants in ways that are fundamentally different than drought or shade. For example, nutrient scarcity does not generate the physical stresses of low water potentials, nor is it accompanied by a deficit of energy to the leaves.

Despite these fundamental differences with other stresses, there has been little direct quantification of minimum nutrient availability or supply requirements for different species that would index their tolerance of nutrient scarcity and lead to novel classification of species. In part, this can be explained by difficulties associated with measuring and manipulating nutrient supplies. The supplies of nutrients to plants grown under semi-natural conditions are not as easy to measure as plant water potentials or irradiance levels. Plants can both increase nutrient availability and promote the sequestration of nutrients by microbes, which makes experimental gradients of nutrient supplies difficult to maintain ([@B79]).

Although these factors make generating ecological response curves more difficult, a few studies have nevertheless generated ecological response curves by growing species under a range of nutrient supplies in hydroponics ([@B64]) or field experiments ([@B80]), such that minimum nutrient supplies required for growth can be estimated (**Figure [3](#F3){ref-type="fig"}**). Similar to studies that utilize indices of tolerance of low nutrient availability from distributions along environmental gradients to detect patterns of eutrophication ([@B68]), these studies have shown strong potential for a new ecological classification of species based on tolerance of low nutrient availability. Species' performance under low nutrient supply can predict their relative abundance when nutrients are scarce -- plant species that sustain lower equilibrium soil inorganic N levels and higher root length density (**Figure [3](#F3){ref-type="fig"}**) are relatively more abundant when N is limiting ([@B24]).

![**Parallel patterns for drought, shade, and nutrient scarcity of generating and applying low resource tolerance traits**. The first column **(A--C)** shows examples of response curves for water (photosynthetic rates vs. leaf water potential for a C~4~ grass; [@B6]), light (relative growth rate of stems vs. irradiance for a temperate understory tree; Lusk, unpublished), and nutrient availability (growing season biomass vs. nitrogen mineralization rates for a C~3~ grass across a gradient of soils with different soil organic matter levels; [@B79]; [@B80]). The second column **(D--F)** shows examples of relationships between low resource tolerance traits and differential performance of species: relative abundance of grassland species in drier uplands vs. wetter lowlands (difference in log-transformed cover; [@B73]); tradeoffs in growth of temperate trees in high light (years to reach 3 m in height) vs. survivorship in low light conditions ([@B38]), and relative abundance of species in experimental diversity plots vs. root length density of species grown in monoculture on soils with low nutrient availability ([@B24]).](fpls-03-00246-g003){#F3}

That said, the story of our ecological understanding of plant performance under nutrient scarcity is mostly about what we have yet to learn. The number of experiments that quantify the ecological tolerance of plants to long periods of nutrient scarcity lags far behind those for drought and shade, which limits our understanding of whether minimum nutrient supply requirements are indicative of survival and competitive ability under low nutrient availability. The lack of data subsequently limits our ability to identify the functional traits that reliably differentiate species with respect to performance at low nutrient availability from low availability of other resources. For example, low tissue nutrient concentrations and high tissue longevity are almost universally considered key adaptations to low nutrient availability. Yet these traits are plastic enough such that under some experimental conditions species that predominate under low nutrient availability have higher foliar N concentrations and lower leaf longevity than species considered adapted to high nutrient availability ([@B17]).

INTEGRATION AND FUTURE DIRECTIONS
=================================

Evolution has produced over a quarter million seed-producing plant species in the world that are each unique in how they relate to their environments. As such, arraying the global flora onto just a few axes will never adequately represent the diversity of plant life. Yet, quantifying the tolerance of species to drought, shade, and nutrient scarcity has been advancing an ecological classification scheme that is critical to explaining the evolution, distribution, and diversity of terrestrial plant species as well as the functioning of future ecosystems where the availability of water, light, and nutrients are likely to be altered. Though understanding the ecology of species requires examining functional traits at a variety of scales from organs to genes, with respect to ecological classification, the proximal should precede the distal. Focusing on whole plants and quantifying low resource tolerances generates synergistic understanding of the ecology of plants that explains a number of ecological patterns and serves as the broader context for understanding variation in traits that are more distal to species performance.

Standardized protocols for measuring low resource tolerances are central to the ecological classification of plants. Currently, different studies use measurements of tolerance for a given resource that are similar, but non-comparable. In addition, growing conditions at the global scale are inherently different and the tolerances or requirements of different species can be non-overlapping. Hence, comparisons of drought tolerance or shade tolerance across biomes are difficult. Research communities need to agree on one or two useful metrics of tolerance for each resource to facilitate arraying species grown under different conditions into common analyses.

Independently measuring tolerances to low availability of multiple resources will be critical for testing key evolutionary and ecological questions. For example, qualitative classifications of tree species suggest strong evolutionary or physiological trade-offs between drought and shade tolerance ([@B51]). Yet, these results are based on subjective classifications rather than rigorous experimental testing. More than likely, given some of the complexity of measuring tolerances and the number of ancillary questions associated with the underlying determinants of tolerances, model sets of species need to be generated to facilitate integrated research by multiple investigators.

Another key arena for progress is expanding the number of species that are measured. Typical ecological experiments measure tolerances of tens of species. Examining geographic or phylogenetic patterns of low resource tolerances will require coordinated experiments that measure species (and genotypes) on the scales of hundreds to thousands of species. As an example, many seed banks have multiple genotypes of tens of thousands of species and a single 40 m^2^ greenhouse could simultaneously grow every one of the approximately 11,000 extant grass species. In some cases, scaling experiments to more species can be done immediately, but the experimental approaches and bioinformatic techniques of other disciplines will likely eventually be useful for global ecological classifications of plants. Screening thousands of species can be enhanced with techniques that automate the handling and measurement of plants ([@B58]). These techniques, first developed in commercial horticulture, are readily employed in research on *Arabidopsis* and crop species ([@B67]) to measure thousands of plants in individual experiments. When combined with ever-expanding databases of plant occurrence that are used to generate climate envelopes of species, low resource tolerance traits for a large number of species can then be applied to the global scale in order to parameterize models of ecosystem function ([@B56]).

In all, we propose that coupling current efforts on understanding plant functional traits with whole-plant tolerances to drought, shade, and nutrient scarcity will continue to uncover many of the determinants of community composition and ecosystem function that have long lain hidden. Isolating the importance of these three resource stresses will also set into relief other factors that have shaped the evolution of plants and structure communities and ecosystems today. A predictive framework based on low resource tolerance will be key to understanding how plant communities and ecosystems will respond to the rash of changes that they face in the near future.
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